Low-temperature (350 • C) crystallization of amorphous Ge films on SiO 2 was investigated using Al-induced layer exchange (ALILE) process. Thicknesses of Ge and catalytic Al layers were varied in the range of 30-300 nm, which strongly influenced the ALILE growth morphology. Based on the study, the Ge thickness was adjusted to 40 nm while the Al thickness was adjusted 50 nm. This sample satisfied both of the surface coverage of polycrystalline-Ge and the annihilation of randomly oriented Ge regions. Moreover, the enhancement of the heterogeneous Ge nucleation improved the (111) orientation and the grain size. As a result, the area fraction of the (111)-orientation reached as high as 97% and the average grain size as large as 70-μm diameters. This (111)-oriented Ge layer with large-grains promises to be the high-quality epitaxial template for various functional materials to achieve next-generation devices.
Germanium-on-insulators are essential for high-speed thin-film transistors, highly-efficient solar cells, and three-dimensional on-chip optical interconnects. [1] [2] [3] Some applications require low-temperature processes to avoid softening glass substrates (<500
• C) or breaking underlying integrated circuits (<400
• C). In particular, (111)-oriented Ge film is favorable for developments of high-speed Ge transistors, nanowires of Ge or III-V compound semiconductors, and spintronics materials. [4] [5] [6] [7] [8] In line with this, metal-induced crystallization (MIC) of amorphous Ge (a-Ge) films on insulators has been studied for over a decade. [9] [10] [11] [12] [13] In the MIC, catalytic metals (Ni, Au, Cu, etc.) enable the low-temperature crystallization of a-Ge in the temperature range 150-400
• C, [9] [10] [11] [12] [13] which are significantly lower than the crystallization temperatures of a-Ge without the metals. 2, 14, 15 In particular, a nanowire-like single-crystal Ge is achieved by metal-induced lateral crystallization (MILC), which is promising for high-speed Ge transistors. 10 However, for large-area devices such as solar cells, these growth techniques are not applicable due to the small grains or the narrow growth regions. Therefore, the enlargement of the grain size is required because the grain boundaries deteriorate the device performances. 15, 16 Aluminum-induced layer exchange (ALILE) is one of the MIC techniques developed for amorphous-Si (a-Si) films on insulators. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] This ALILE technique enables us to form large-grain (diameters: 10-100 μm) polycrystalline Si films at relativity low temperatures (420-550
• C) through the exchange between the Al and a-Si layers during annealing. [17] [18] [19] [20] [21] [22] [23] [24] Moreover, the orientation of the grown Si film can be controlled to either (100) or (111) plane by modulating the annealing temperature 19, 20 and the thickness of the interlayer between Si and Al layers. 21, 23 The chemical vapor deposition (CVD) of Si layers onto the ALILE-Si films is a promising approach to fabricate large-grained Si light-absorption layers on glass substrates. 25, 26 Some researchers applied this ALILE technique to a-Ge films on insulators and succeeded to reduce the crystallization temperature. [27] [28] [29] [30] [31] However, the layer exchange was not achieved due to the absence of the interlayer between Ge and Al layers. This resulted in small-gained Ge-Al mixed layers with random orientations. Hu et al. and Kurosawa et al. recently achieved the layer exchange by fabricating the proper interlayer between Ge and Al layers. 32, 33 Moreover, we have significantly improved the crystal quality of the ALILE-Ge films by lowering the annealing temperature below 350
• C. 34, 35 Meanwhile, some papers on the ALILE imply the important role of the film thickness in the growth morphorogy. 17, 21, 33 For Si, Nast et al. reported that the thickness ratio of Al and Si should be 1:1 for a good layer exchange. 17 With the thickness ratio of in the ALILE-Si and Ge layers. 21, 33 However, for the ALILE-Ge, the growth condition, that is the AlO x formation process and the annealing temperature, were not optimized, which resulted in relatively low (111) orientation fraction (70%) and small grains (approx. 5 μm).
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In this paper, we have investigated in detail the effects of the Ge/Al thickness on the ALILE-Ge under the recently-established growth conditions: the AlO x interlayer and the low-temperature annealing (350
• C). We demonstrate appropriate Al and Ge thicknesses from the view point of the grain size and the (111) orientation fraction.
Experimental
The sample preparation procedure is schematically shown in Fig. 1 . Al films were first prepared onto quartz glass (SiO 2 ) substrates. Subsequently, the samples were exposed to air for 5 min to form native AlO x layers as diffusion control layers. After that, a-Ge films were deposited. The thicknesses of Al and a-Ge layers were varied from 30 nm to 300 nm. The thickness combinations of Al and Ge layers are summarized in Table I . Here, these values have a margin of error of plus or minus 5%. All the depositions were carried out at room temperature using a radio-frequency magnetron sputtering method. Finally, those samples were annealed at 350
• C for 30 h in a N 2 ambient.
A θ-2θ X-ray diffraction (XRD) measurement was carried out to evaluate the crystal states of the grown Ge layers. Surface morphologies and crystal orientations were respectively evaluated using scanning electron microscopy (SEM) and electron backscattered 
Results and Discussion
Fig . 2 shows the XRD spectra of sample A (40-nm-thick Ge, 40-nm-thick Al) before and after annealing. Before annealing, no peak is present in the spectra. In contrast, a sharp peak appears at around 27
• after annealing corresponding to the Ge (111) plane. Any other peak is not observed in the measured 2θ range • ). These results indicate that the a-Ge layer was crystallized during annealing, and the grown Ge layer is preferentially oriented to the (111) plane. The precise (111)-orientation fraction will be estimated later by means of EBSD measurements. The inserted photograph shows that the colors of the sample surfaces differed after the annealing. This suggests that the top layer changed from Ge to Al during annealing. This is a typical feature of the successful ALILE process. 18 We investigated the effect of the Ge-Al thickness ratio on the growth morphology of the ALILE. Three samples were prepared: sample A with 40-nm-thick Ge and 40-nm-thick Al, sample B with 100-nm-thick Ge and 40-nm-thick Al, and sample C with 40-nm-thick Ge and 100-nm-thick Al, as summarized in Table I . SEM and EBSD images of the sample surfaces are exhibited in Fig. 3 . These EBSD images show the crystal orientations along the normal direction (ND) to the sample surface. Al layers were removed before these measurements. By comparing Figs. 3a and 3b, we found that some randomly oriented Ge regions are present inside the (111)-oriented Ge layer. Meanwhile, for sample B, the randomly oriented region covers almost the entire region of the sample surface, as shown in Figs. 3c and 3d. For sample C, the insufficient Ge coverage is observed in Fig. 3e . However, the Ge layers have very little randomly oriented region, and thus the (111)-orientation is quite dominant as shown in Fig. 3f . Now, we summarize the Ge-Al thickness-ratio dependence of the growth morphology of the ALILE. The higher the Ge proportion, the larger the randomly oriented regions. In contrast, the higher the Al proportion, the smaller the randomly oriented regions. This suppression of the randomly oriented regions results in the dominant (111)-orientation, however, the surface coverage of Ge becomes insufficient. These results suggest that the further optimization of the Ge-Al thickness ratio is required to achieve the fine growth morphology. in Fig. 3 . Fig. 4d shows a low-magnified TEM image of the Ge/Al stacked region. We confirmed the absence of random grain boundaries in the bottom-Ge layer. In addition, SAED patterns shown in Figs. 4e-4g indicate that the bottom-Ge layer has exactly the same orientation, whereas the Al layer consists of some different grains with (111) orientation. Here, a big bright dot at the center of SAED pattern means a direct electron beam which penetrates a TEM specimen without any interaction. On the other hand, only diffracted electron beams which satisfy Bragg's law are indicated on SAED as diffraction spots. For this reasons, the intensity of the direct electron beam is much higher than diffraction spots. Consequently, these results prove the single-crystal Ge at least in this observed area (approx. 2.5-μm width). Because the top and bottom Ge layers have no epitaxial relationship, growth process of those layers should be totally different. The growth mechanism is discussed later. Next, the effects of absolute thickness values of Ge/Al layers, with 1:1 thickness ratio, were investigated by preparing samples D-G. The Ge/Al layer thicknesses of these samples are summarized in Table I . SEM and EBSD images of the sample surfaces are exhibited in Fig. 5 . These EBSD images show the orientations along ND to the sample surface. Al layers were removed before these measurements. For sample D, with 30-nm-thick Al and Ge layers, the nucleation and lateral growth of Ge stopped during annealing. As a result, grown Ge areas (∼15-μm diameters) are distributed on the SiO 2 substrate as shown in Fig. 5a . The EBSD measurement was difficult for this sample because of charge-up of the electrons on the insulating SiO 2 substrate. For samples E (50-nm thickness), F (100-nm thickness), and G (300-nm thickness), grown Ge layers cover the SiO 2 substrates as shown in Figs. 5b-5d. Randomly oriented Ge regions appear on the surfaces like in sample A. The EBSD images shown in Figs. 5e-5g indicate that the crystal orientation becomes random with increasing the Ge/Al thickness. This tendency agrees with the previous studies on the ALILE of a-Ge. 33 For samples A, E, F, and G, with the Ge-Al thickness-ratio of 1:1, we evaluated the (111)-oriented area fraction and the grain size. Here, a grain was defined as a region surrounded by random grain boundaries, which region should be formed as a result of lateral growth from a single nucleus. The expected cross-sectional structure of these samples is schematically shown in Fig. 6a . Top-Ge layers, namely, randomly oriented Ge regions, are stacked on a bottom-Ge layer. Figs. 6b and 6c typically show low-magnified EBSD images for sample A along the normal direction (ND) and the transverse direction (TD) to the substrate, respectively. In Fig. 6c , random-grain boundaries corresponding to the bottom-Ge layer are indicated by the black solid lines. These lines were drawn based on EBSD analysis in order to evaluate the grain size of the bottom-Ge layer. EBSD analyzes derived the (111)-oriented area fractions from the ND orientation maps shown in Fig. 3b and Figs. 5e-5g . The result is summarized in Fig. 6d as a function of the Ge/Al thickness. Here, the (111)-oriented grains were defined as grains whose misorientation from the exact (111) plane was within 10
• . Fig. 6d clearly indicates that the (111) fraction increases with decreasing the Ge/Al thickness. The maximum (111) fraction reaches over 80% at 40-nm Ge/Al thickness. Remember that the ALILE process cannot be completed when the Ge/Al thickness is below 30 nm as shown in Fig. 5a .
The grain sizes of the top and bottom Ge layers were derived from the EBSD images along the TD to the sample surfaces. The grain sizes of the bottom Ge layers were measured from the black lines in Fig. 6c . For the top Ge layers, grain sizes were measured from high-magnified EBSD images along TD. The average grain sizes (grain diameters) for the top and bottom Ge layers are summarized in Fig. 6e as a function of the Ge/Al thickness. For the top-Ge layers, the grain size is small (∼μm), and remains almost unchanged regardless of the Ge/Al thickness. Meanwhile, for the bottom-Ge layers, the grain size clearly increases with decreasing the Ge/Al thickness. The maximum average grain size reaches 68 μm in sample A, 40-nm Ge/Al thickness. These thickness dependences of the orientation and grain size are summarized as follows: The thinner the Ge/Al thickness, the larger the grain size and the higher the (111)-orientation fraction. The lower limit of the thickness is between 30 nm and 40 nm.
We discuss the growth mechanism on the thickness dependent Ge-ALILE, based on the well-investigated Si-ALILE mechanism. 19, 22 Schematic growth mechanisms of samples with thin and thick Ge/Al layer thicknesses are respectively illustrated in Figs. 7a and 7b . When Ge and Al layers are thin, diffusing Ge atoms reach the SiO 2 surface before the Ge concentration in Al reaches the solubility limit. Hence, the Ge nucleation heterogeneously occurs at the SiO 2 surface as schematically shown in Fig. 7a . These Ge nuclei are oriented to the (111) plane because the Ge (111) plane has the minimum surface energy on SiO 2 . 36 In contrast, when Ge and Al layers are thick, the Al layer becomes supersaturated with Ge before diffusing Ge atoms reach the SiO 2 surface. Hence the homogeneous Ge nucleation occurs in the bulk Al layers as schematically shown in Fig. 7b . This results in the randomly-oriented Ge layers. Therefore, the (111)-orientation fraction decreases with increasing the Ge/Al thickness. For the ALILE process, the number of nuclei per unit area determines the eventual grain size. 19, 22, 23, 29 The number of nucleation sites increases with Al layer thickness. Therefore, the grain size increases with decreasing the Ge/Al thickness. Such a film-thickness dependence of grain sizes is also observed in solid-phase crystallization of amorphous semiconductor films on insulators. 37, 38 Next, we discuss the formation process of the top-Ge layer. During annealing, Ge atoms diffuse into the Al layer through the thin AlO x membrane. When the Ge concentration in Al reaches the solubility limit, the Ge nucleation occurs in the Al layer. Continuous supply of Ge atoms induces the lateral growth of the Ge crystals. This lateral growth stresses the Al layer, and pushes up Al into the a-Ge layer through local perforations of the AlO x membrane, as schematically shown in Fig. 7c . 22 We note that, when the Ge layer is very thin (30 nm), the total stress to the Al layer is insufficient to perforate the AlO x membrane. This results in the stopping of the lateral growth of Ge as shown in Fig. 5a . The pushed-up Al forms a solid solution with the top a-Ge layer. After that, Ge nuclei occur from the Ge-Al mixed layer, and grow laterally, which results in the segregation of Al, as schematically shown in Fig. 7d . Consequently, the randomly-oriented top-Ge layer is formed on the AlO x membrane. Based on the above results, the improvement of the ALILE-Ge layer was investigated. To achieve both of the surface coverage of bottom-Ge layers and the annihilation of top-Ge layers, we employed sample H, prepared with 40-nm-thick Ge and 50-nm-thick Al layers. The results of SEM and EBSD measurements are exhibited in Fig. 8 . Fig. 8a indicates that the grown Ge layer covers the almost entire region of the SiO 2 surface, while top-Ge layers are present very little. Orientation maps along the ND and TD directions are respectively shown in Figs. 8b and 8c . Fig. 8b indicates a highly (111)-oriented Ge layer. An EBSD analysis exhibited the (111)-orientation fraction to be 97%. Such a high value is due to the absence of the top-Ge layers. In addition, large grains over tens of microns are suggested by Fig. 8c . The average grain size was calculated to be 70-μm diameters. Note that slight color contrasts inside each grain suggest that the orientation gradually changes during the lateral growth of Ge. This phenomenon is probably due to the stress induced at the Ge growth front which pushes Al. Consequently, both of the sufficient Ge coverage on substrates and the annihilation of top-Ge layers were accomplished in this sample, resulting in large-grained Ge layers with highly (111)-orientations.
Conclusions
We investigated the effects of the Ge/Al thickness on the ALILE process of a-Ge films on insulators. The growth morphology strongly depended on those thicknesses. When the Ge layer is thicker than or equal to the Al layer, randomly oriented top-Ge layers, consisting of random-oriented small grains, were formed on the bottom-Ge layer. In contrast, when the Ge layer is much thinner than the Al layer, the Ge coverage on the substrates becomes insufficient, though the top-Ge layers disappear. The crystal-quality of the bottom-Ge layer was drastically changed by the Ge/Al thickness: The thinner the thickness, the higher the (111)-orientation fraction and the larger the grain size. The lower limit of the thickness was found to be between 30 nm and 40 nm. This limitation was explained in terms of the Al push up phenomenon during the layer exchange process. Based on these findings, we prepared a sample with 40-nm-thick Ge and 50-nm-thick Al layers. This sample successfully satisfied both of the surface coverage of bottom-Ge layers and the annihilation of top-Ge layers. As a result, the (111)-orientation fraction reached as high as 97% and the average grain diameter 70 μm. Therefore, we demonstrated the important role of the Ge/Al thickness in the ALILE process of a-Ge films on insulators. This thickness-controlled ALILE is a promising technique to form high-quality Ge layers on insulators in low-temperature processes.
